3 have been implicated as the key APCs and regulators of this process as they possess the unique ability to capture Ag from the parenchyma and present it to naive T cells circulating through secondary lymphoid tissues (1, 2). In addition, there is growing evidence that the activation status of DCs determines whether CD8 T cell activation results in a vigorous effector cell response or the induction of tolerance and deletion. Many different types of signals, including the presence of pathogens, proinflammatory cytokines, or the presence of activated CD4 T cells, lead to the up-regulation of costimulatory molecules, such as B7, by DCs (2-6). In the earliest stages of CD8 T cell activation, it is this up-regulation of B7 on DCs that costimulates T cells through CD28 and leads to enhanced T cell proliferation and survival. In contrast, CD8 T cell interactions with quiescent DCs that express basal levels of costimulatory molecules results in CD8 T cell deletion (7-9).
N aive CD8 T cells become activated when their TCR engages cognate peptide-MHC complexes on APCs. Depending upon several factors including the presence of costimulatory molecules and the maturation status of the APC, this encounter can result in either the development of an efficient CTL response or tolerance and deletion. Dendritic cells (DCs) 3 have been implicated as the key APCs and regulators of this process as they possess the unique ability to capture Ag from the parenchyma and present it to naive T cells circulating through secondary lymphoid tissues (1, 2) . In addition, there is growing evidence that the activation status of DCs determines whether CD8 T cell activation results in a vigorous effector cell response or the induction of tolerance and deletion. Many different types of signals, including the presence of pathogens, proinflammatory cytokines, or the presence of activated CD4 T cells, lead to the up-regulation of costimulatory molecules, such as B7, by DCs (2) (3) (4) (5) (6) . In the earliest stages of CD8 T cell activation, it is this up-regulation of B7 on DCs that costimulates T cells through CD28 and leads to enhanced T cell proliferation and survival. In contrast, CD8 T cell interactions with quiescent DCs that express basal levels of costimulatory molecules results in CD8 T cell deletion (7) (8) (9) .
The model emerging from these reports is that DCs provide information that program CD8 T cell responses. Several recent studies provide support for this model by demonstrating that the strength of signal received by naive T cells during the initial encounter with APCs determines the extent of subsequent clonal expansion (10 -14) . Although this model accounts for differences in the magnitude of the initial CD8 T cell response, it is not known whether signals are also provided during an initial encounter with nonactivated DCs that program deletion.
To address whether the activation status of the DC differentially programs deletion vs survival of naive CD8 T cells, we compared the fate of CD8 T cells that were separated from the APC following activation under tolerogenic or stimulatory conditions in vivo. Our results support the paradigm that the activation status of the DC programs clonal expansion and the acquisition of CD8 T cell effector functions. However, regardless of whether CD8 T cells were stimulated under tolerogenic (quiescent DC) or immunogenic (activated DC) conditions, a portion of the T cells survive after removal from the presence of Ag. Therefore, although DCs are able to program the extent of proliferation, accumulation, and the acquisition of CD8 T cell effector functions, they do not determine the life or death of clonal progeny. These results highlight the importance of persistent Ag in promoting clonal deletion and anergy of self-reactive CD8 T cells.
Materials and Methods

Mice
BALB/c mice were purchased from the breeding colony of The Scripps Research Institute (La Jolla, CA). InsHA transgenic mice, homozygous for the hemagglutinin (HA) gene, and clone 4 TCR transgenic mice were generated and characterized as previously described (15) (16) (17) . Clone 4 mice were also backcrossed with BALB/c mice for at least 10 generations and were then crossed with BALB/c Thy1.1 mice for two generations to obtain clone 4 TCR mice homozygous for Thy1.1. All mice were bred and maintained under specific pathogen-free conditions in The Scripps Research Institute's animal facility. Experimental procedures were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Purification and CFSE-labeling of naive clone 4 T cells
Single cell suspensions were prepared from the lymph nodes of clone 4 Thy1.1 TCR transgenic mice. Cell suspensions were depleted of CD4 ϩ , CD11b ϩ , CD45R ϩ , DX5 ϩ , and Ter-119 ϩ cells using the MACS CD8␣ ϩ T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Naive clone 4 Thy1.1 T cells were purified by negative selection per the manufacturer's instructions and were CD44 low , CD62L high , and CD69-negative as indicated by flow cytometry using FITC-conjugated Abs (BD PharMingen, San Diego, CA) (data not shown 
Flow cytometry
Spleens, pancreatic and peripheral lymph nodes including inguinal, axillary, cervical, mandibular, and mesenteric were harvested and processed to obtain single cell suspensions. RBCs were lysed with an ammonium chloride lysing reagent, PharM Lyse, according to manufacturer's instructions (BD Biosciences, San Diego, CA). Cells were rinsed three times with RPMI 1640 medium (Life Technologies, Gaithersburg, MD) containing 10% heat-inactivated FCS (Gemini Bio-Products, Calabasas, CA) supplemented with 2 mM glutamine (Life Technologies) and 50 mg/ml gentamicin (Gemini Bio-Products). All mAbs and secondary reagents used for FACS analysis were purchased from BD PharMingen. Cells were incubated for 30 min on ice with anti-Thy1.2 FITC, anti-Thy1.1-PE, or anti-CD8␣-PerCP. After washing three times with HBSS containing 0.1% w/v BSA (Sigma-Aldrich) and 0.02% w/v sodium azide, cells were analyzed with a FACSCalibur and CellQuest software (BD Biosciences). To measure Ag-specific production of IFN-␥, LN cells or splenocytes were incubated in RPMI 1640 10% FCS with 1 g/ml of the K d HA peptide and 1 l/ml of brefeldin A containing Golgi-Plug solution (BD PharMingen) for 6 h at 37°C. After washing, cells were stained to detect CD8 and Thy1.1 as described above. Cells were then permeabilized and stained to detect intracellular IFN-␥ with IFN-␥-APC mAb using the Cytofix/Cytoperm Plus kit (BD PharMingen) according to the manufacturer's instructions. 
In vivo cytolytic assay
DC isolation and analysis
Lymph nodes were harvested from InsHA or BALB/c mice treated as described above. Lymph nodes were mechanically disrupted and digested with collagenase-D (1 mg/ml) (Roche, Mannheim, Germany) for 60 min at 37°C in RPMI 1640 medium supplemented with 2% FCS. Following digestion, EDTA was added to the suspension to stop the collagenase activity. Lymph nodes were processed to obtain single cell suspensions and after washing, cells were stained with anti-CD11c-APC, anti-CD8␣-PerCP and anti-B7.1-PE (BD PharMingen) for 30 min on ice. Cells were washed two times and analyzed by flow cytometry.
Results
Activation and recovery of Ag-experienced clone 4 T cells
Our goal in this study was to test the hypothesis that during the initial encounter with Ag the activation status of the APC determines whether naive CD8 T cells undergo tolerance/deletion or survival. Our expectation was that activation under tolerogenic conditions, such as exposure to cross-presented self-Ag or high concentrations of soluble peptide Ag, would program cells for deletion. Conversely, we predicted that stimulation under immunogenic conditions, such as exposure to viral infection or Ag in the presence of anti-CD40 mAb, both of which result in increased expression of costimulatory molecules on APCs, would protect cells from deletion. To this end, we compared the fate of HA specific CD8 T cells derived from clone 4 TCR transgenic mice (15) after their stimulation in vivo under conditions known to promote either tolerance or immunity.
CD8 Thy1.1 T cells from clone 4 TCR mice (clone 4 T cells) were labeled with CFSE and adoptively transferred into Thy1.2 InsHA mice that express the viral HA on their pancreatic islet ␤ cells (17) . Four days later, pancreatic lymph nodes were harvested and the proliferation profiles of donor clone 4 T cells were analyzed via flow cytometry. As demonstrated previously, cross-presentation of HA in the pancreatic lymph nodes of InsHA mice leads to the activation of clone 4 T cells, however, the cells do not accumulate, but rather, are tolerized and deleted (16, 18 ). In contrast, if at the time of cell transfer InsHA mice receive anti-CD40 mAb, a powerful activator of DCs (19, 20) , then the clone 4 T cells proliferate more vigorously (Fig. 1A) and accumulate in greater numbers (19) . Consistent with our previous studies, the presence of anti-CD40 results in the activation of the DCs that present HA in the pancreatic lymph nodes by up-regulating expression of B7 costimulatory molecules (Table I ) which results in enhanced T cell proliferation and accumulation (19) . In both cases, the amount of endogenous Ag that was cross-presented was insufficient to result in the activation of the majority of clone 4 T cells within the first few days in vivo (Fig. 1A) .
To assess whether the activation status of the APC programmed clone 4 T cells for deletion or survival, we compared the ability of clone 4 T cells that were activated in vivo to survive after transfer into an Ag-free host. To ensure that we were only analyzing cells that had sufficient time to be programmed by the APC (13, 14) , we restricted our analysis to those cells that had undergone at least three rounds of cell division (collected as indicated by arrows in Fig. 1A ). Based on previous analysis, we knew that clone 4 T cells required Ͼ48 h in InsHA recipients before achieving three rounds of division (data not shown). Ten thousand of these Ag-experienced clone 4 T cells were adoptively transferred into nonirradiated BALB/c recipients. It was necessary to use such small numbers of cells as very few activated clone 4 T cells could be retrieved from InsHA mice that did not receive the anti-CD40 mAb. Nonirradiated recipients were used to prevent homeostatic proliferation of the transferred cells (21, 22) .
The adoptively transferred activated clone 4 T cells were rested in vivo for 4 wk, at which time recipient mice were immunized with influenza virus to induce sufficient expansion of the donor clone 4 T cells to allow their detection by flow cytometry. This was found to be necessary as the small numbers of transferred cells could not be detected without first undergoing expansion in response to viral priming (data not shown). Optimal expansion of the previously activated clone 4 T cells occurred eight days after priming and therefore, we harvested spleens and quantified activated donor clone 4 T cells at that time point. As expected, clone 4 T cells originally activated in InsHA mice in the presence of anti-CD40 mAb survived following adoptive transfer into Ag-free recipients (Fig. 1B) . Surprisingly, clone 4 T cells activated by crosspresented self-Ag under tolerogenic conditions were also able to survive, although fewer cells were recovered (Fig. 1B) . These results suggested that the cells initially activated by "tolerogenic" DCs were not all destined to undergo deletion.
As these results were unexpected, we wished to determine the generality of these findings by using different conditions of activation to initiate tolerance or immunity. Two activating conditions were selected in which high levels of exogenously provided Ag induce extensive proliferation of clone 4 T cells (9) . clone 4 T cells were adoptively transferred into BALB/c mice and activated with 100 g of soluble K d HA peptide, a tolerizing condition, or by infection with influenza virus (Fig. 1A) . As expected, viral priming, but not peptide treatment, led to the up-regulation of costimulatory molecules on the DCs (Table I) (23, 24) . Activated clone 4 T cells that had undergone at least three divisions were collected and adoptively transferred into BALB/c recipients. Following transfer into Ag-free hosts, clone 4 T cells activated previously with soluble HA peptide or virus could be recovered (Fig. 1B) . Thus, regardless of the activation status of the initial stimulatory APC, Ag-experienced clone 4 T cells could survive in Ag-free hosts. Importantly, the previously activated clone 4 T cells were functional as assessed by their ability to proliferate and produce IFN-␥ in response to priming with virus (Fig. 1, B and C) .
To confirm whether the initial activation conditions were truly tolerogenic or stimulatory, the effector status of activated clone 4 T cells was assessed by measuring both their ability to produce IFN-␥ and in vivo cytolytic function. Consistent with our previous reports, activation of clone 4 T cells by endogenous cross-presented Ag or soluble HA peptide did not give rise to the production of IFN-␥ or in vivo killing (Table I) (9) . In contrast, anti-CD40 led to a slight increase and viral priming to a substantial increase in both IFN-␥ production and cytolytic activity (Table I) (9) .
Chronic Ag presentation is required for clone 4 CD8 T cell deletion
Thus far, our results suggested that the activation status of the APC was not sufficient to program clone 4 T cells for deletion. The main difference between the current study and previous studies in which we demonstrated tolerance and deletion of clone 4 T cells in InsHA mice was that in the current protocol, activated clone 4 cells were removed from the source of Ag (InsHA mice) and allowed to rest in Ag-free hosts. Therefore, we sought to test directly whether Clone 4 T cells were activated as described (see Fig. 1A ) and 10,000 activated clone 4 T cells were adoptively transferred into Ag-free BALB/c, InsHA (endogenous Ag only), or BALB/c mice receiving soluble HA peptide. Four weeks after the transfer, recipient mice were primed with the influenza virus and eight days later, the presence of donor clone 4 T cells was determined by flow cytometry. clone 4 T cells originally activated by endogenous Ag in the pancreatic lymph nodes of InsHA mice were readily detected following adoptive transfer into Ag-free mice (Fig. 2) . In contrast, when transferred into InsHA mice (expressing endogenous Ag only) no clone 4 T cells were recovered following viral priming (Fig. 2) . Similar results were obtained with clone 4 T cells activated in the pancreatic lymph nodes of InsHA mice in the presence of the anti-CD40 mAb. When placed into Ag-free recipients, but not mice expressing the endogenous HA Ag, previously activated clone 4 T cells could be recovered (Fig. 2) . clone 4 T cells activated with soluble HA peptide were transferred into either Ag-free BALB/c mice or BALB/c mice that received 100 g of HA peptide. Consistent with the results obtained with exposure to endogenous Ag, previously activated clone 4 T cells could only be recovered from Ag-free recipients and not from mice that received the HA peptide (Fig. 2) . Thus, chronic exposure to Ag is required to promote the deletion of naive clone 4 T cells.
Discussion
Depending upon the initial activation conditions, stimulation of naive clone 4 T cells can lead to either a vigorous effector cell response or abortive proliferation and lack of effector functions. For example, during tolerance induction in InsHA mice, naive clone 4 T cells activated by encounter with cross-presented Ag in the pancreatic lymph nodes proliferate weakly and do not acquire effector functions, while priming with influenza virus promotes the formation of potent effector cells (9, 19) . Based upon both in vitro and in vivo studies, it is clear that the extent of proliferation and development of effector function are dictated by the activation status of the APC (13, 14, 19) .
In this study, we have addressed the question of whether the activation status of the APC alters the ability of the T cell to survive after antigenic stimulation. Specifically, we wished to determine whether activation of a T cell by a quiescent APC was, in effect, a death sentence for the T cells. To this end, we collected clone 4 T cells that had been activated by either quiescent or activated APCs. Two different methods were used to stimulate HAspecific clone 4 T cells with quiescent APCs, cross-presentation in InsHA recipients or injection of HA peptide into BALB/c mice. Consistent with our previous findings, neither type of stimulation resulted in effector cell generation (Table I) (9) . We also used two methods of activating T cells in vivo with activated APCs that had different consequences for the resultant acquisition of CD8 T cell effector function. As shown previously, the DCs that cross-present Ag in the pancreatic lymph nodes can be activated by anti-CD40 to up-regulate costimulatory molecules (Table I) and support accumulation of activated clone 4 T cells (19) . Under these conditions, however, clone 4 T cells do not become potent effectors (9) . In contrast, APCs activated by influenza virus promote both the accumulation of activated clone 4 T cells and development of effector function (9).
Although we observed major differences in the amount of clonal expansion and effector function among the various stimulatory conditions, in all cases a subset of the previously activated clone 4 T cells could survive after they were removed from the presence of Ag. Furthermore, when tested 1 mo later for their ability to clonally expand in response to viral challenge, Ag-experienced clone 4 T cells remained functional as assessed by their ability to proliferate and produce IFN-␥ (Fig. 1, B and C) . Therefore, the activation status of the DCs did not impact the subsequent ability of Ag-experienced clone 4 T cells to survive or respond to Ag.
Due to the small numbers of activated clone 4 T cells transferred into Ag-free hosts, it was not possible to quantitate the proportion of cells transferred at day 4 after initial activation that survived 1 mo posttransfer. However, based on the fact that most activated T cells undergo apoptosis, regardless of the type of stimulatory signal they receive (25) , it is likely that only a minority of the cells survived. Although the numbers of cells recovered after viral infection varied from experiment to experiment (Fig. 1B) , it did appear that fewer of the cells that underwent their initial activation in InsHA mice were eventually recovered when compared with the number recovered after activation in InsHA mice that were also given anti-CD40. This may be due to differential survival or to greater continued clonal expansion in the Ag-free host by the cells initially activated in the presence of anti-CD40. In comparing the numbers of cells recovered after initial activation with either virus or peptide (Fig. 1B) , similar numbers of cells survived regardless of the activation status of the APC. Taken together, these experiments suggest that the activation status of the APC did not determine survival of the activated CD8 T cells.
Importantly, we were able to obtain complete tolerance and deletion of clone 4 T cells, but only upon transfer of previously activated clone 4 T cells into recipients that contained HA expressed either as a self-Ag, or through the injection of soluble HA peptide (Fig. 2) . These results are consistent with the role of chronic Ag presentation in promoting CD8 T cell deletion as demonstrated previously using multiple injections with peptide to achieve tolerance of CD8 T cells specific for the lymphocytic choriomeningitis virus glycoprotein (26, 27) . It will be of interest to determine the length of time required to promote deletion through TCR signaling. In our experiments, we can estimate that the time it takes for cells to have undergone at least three divisions (Ͼ48 h) is not sufficient (data not shown). Alternatively, it may be found that deletion requires repetitive as opposed to persistent encounter with Ag. Future studies will examine this issue.
It is of interest to speculate on whether persistent Ag would also lead to CD8 T cell deletion whether Ag were presented by an activated rather than quiescent APC. This is difficult to assess because activated APCs drive the development of CD8 T cell cytolytic activity, which, in turn, would lead to the clearance of Ag. Indeed, recent findings have shown that CD8 T cells that are activated in response to a pathogen such as Listeria monocytogenes or malaria quickly kill APCs (28, 29) . Such removal of APCs may be an important part of the strategy by which the immune system prevents deletion of primed effector and memory cells.
Recent studies have provided evidence that the development of memory CD8 T cells requires the participation of CD4 T cell help (30 -32) . It is unlikely that such help was available in our experiments. As shown previously, InsHA mice are tolerant of HA in both their CD4 and CD8 compartments, which severely limits their ability to respond to HA (17) . BALB/c mice primed with the K drestricted HA peptide would not have a source of Ag to stimulate HA specific CD4 cells. Although the BALB/c mice that received clone 4 T cells and influenza virus would be expected to have virus specific CD4 cells in their endogenous repertoire (33, 34) , it is unlikely that significant numbers would have been available to provide help for the number of clone 4 T cells that were present in the influenza infected mice. Therefore, it is possible that the previously activated clone 4 T cells that persisted in the absence of Ag were not equivalent to true memory cells and despite their previous activation, may have functional properties similar to those of naive cells (35) .
Several studies have suggested that the duration of the T cell-APC interaction is critical in promoting the acquisition of T cell "fitness" and providing T cells with the capability to respond to survival signals in vivo (13, 14) . Those results suggest a model of T cell activation in which naive CD8 T cells require sustained TCR stimulation to differentiate into effector cells. The "fitness" model predicts that CD8 T cells receiving brief or weak antigenic stimulation do not survive in vivo. Our results indicate that although tolerogenic stimulation eventually does lead to deletion, this process requires the continuous presence of Ag beyond that which was required to dictate the extent of proliferation and gain of effector function. In the absence of Ag, previously activated CD8 T cells that had been exposed to Ag for sufficient time to undergo at least three divisions (Ͼ48 h) in vivo are not all deleted and many can survive for at least 1 mo and retain the ability to respond to a secondary challenge with Ag. Even cells that did not fully differentiate into effectors following the primary stimulation could later respond to viral priming.
In conclusion, these results indicate that the conditions under which naive CD8 T cells are initially activated do not program them for deletion after leaving the APC. Thus, stimulation of naive CD8 T cells under tolerogenic conditions with quiescent APCs does not commit their progeny to an irreversible death pathway. Rather, tolerance and deletion require the sustained presence of Ag. This stringent requirement for clonal deletion may help to maintain diversity in the CD8 T cell repertoire. If transient exposure to Ag programmed CD8 T cell deletion, potentially useful clones may be unnecessarily eliminated from the repertoire.
